Background: Emerging evidence indicates that exposure of isolated pancreatic β-cells to elevated glucose [glucotoxicity] or saturated fatty acids such as palmitate [lipotoxicity] or both [glucolipotoxicity] results in excessive intracellular oxidative stress mediated by phagocyte-like NADPH oxidase [Nox2]. Pharmacological evidence also implicates the intracellular generation of ceramide [CER] as one of the mediators of palmitate-induced cytotoxicity of the islet β-cell. Herein, we investigated the effects of L-threo-C6-pyridinium-ceramide bromide, a novel water soluble cationic ceramide [Ws-CER], on mitochondrial function and cell viability in insulin-secreting INS 832/13 cells. Methods: Ws-CER, was synthesized as we reported earlier. Rac1 activation was quantitated by pull-down assay. Mitochondrial membrane potential was quantitated by JC-1 staining. Nox2 subunit expression and caspase-3 activity were determined by Western blotting. Results: Our findings suggested a marked increase in the Nox2 activation [i.e., ROS generation and subunit expression and activation] in cells exposed to Ws-CER. We also noticed a significant reduction in mitochondrial membrane potential, increased in caspase-3 activity and associated loss in cell viability in Ws-CER-treated cells. Conclusion: Based on these data we conclude that ceramide-induced Nox2-mediated oxidative stress couples mitochondrial dysfunction to loss in cell viability in the pancreatic β-cell.
Introduction
Recent evidence from multiple laboratories suggests that exposure of pancreatic β-cells to saturated free fatty acids [e.g., palmitic acid; PA] results in a significant metabolic dysregulation and eventual demise of these cells [1] [2] [3] [4] . Multiple mechanisms have been put forth to explain PA-induced metabolic defects; one of these include generation of intracellular oxidative stress [e.g., reactive oxygen species; ROS; [5] [6] [7] [8] [9] [10] . One of the potential signaling steps involved in the generation of ROS and intracellular oxidative stress is the activation of the phagocytic NADPH oxidase [Nox2] system, which is a highly regulated membraneassociated protein complex that catalyzes the one electron reduction of oxygen to superoxide anion involving oxidation of cytosolic NADPH [11, 12] . As we reviewed recently, the Nox2 holoenzyme is comprised of membrane as well as cytosolic components. The membraneassociated catalytic core is a complex consisting of gp91 phox , p22 phox and Rap1. The cytosolic regulatory components include p47 phox , p67 phox and Rac1. Following stimulation, the cytosolic components of Nox2 translocate to the membrane for association with the catalytic core for holoenzyme assembly [4] .
Several recent studies have demonstrated expression and functional regulation of Nox2 in clonal β-cells, normal rat islets and human islets by chronic exposure to glucose, PA and proinflammatory cytokines [e.g., IL-1β, TNFα and IFNγ]. Moreover, pharmacological inhibition of Nox2 by diphenyleneiodoinium or siRNA-p47 phox markedly attenuated glucoseinduced ROS generation and oxidative stress implicating regulatory roles for Nox2 metabolic dysfunction of the β-cell [13] [14] [15] [16] . Along these lines, we have recently demonstrated roles for Nox2 in the metabolic dysregulation of the islet β-cell elicited by PA. Using selective inhibitors of de novo biosynthesis of ceramide [CER] from palmitate [e.g., fumonisin B-1], we have suggested roles for intracellularly generated CER in palmitate-induced metabolic dysfunction of the β-cell [9] .
As a logical extension to the above studies, we quantitated, herein, the effects of a novel water soluble cationic ceramide [L-threo-C6-pyridinium-ceramide bromide; Ws-CER; Fig. 1 ; refs. [17] [18] on Nox2 activation, mitochondrial dysfunction, caspase-3 activation and loss of β-cell metabolic cell viability. This compound has been shown to selectively accumulate in the mitochondrial and nuclear compartments in UM-SCC-22A [human squamous cell carcinoma cells] thereby exerting noxious effects on cell metabolism including inhibition of cell proliferation and induction of apoptosis. To this end we report that Ws-CER induces Nox2 activation, mitochondrial dysfunction, caspase-3 activation and subsequent loss in β-cell viability thus validating our hypothesis that CER-mediated effects on β-cells may in part be due to accelerated Nox2 signaling. Cell lines and culture conditions INS 832/13 cells were cultured in RPMI 1640 medium containing 10% heat-inactivated fetal bovine serum [FBS] supplemented with 100 IU/ml penicillin and 100 IU/ml streptomycin, 1 mM sodium pyruvate, 50 µM 2-mercaptoethanol, and 10 mM HEPES (pH 7.4). The cultured cells were subcloned twice weekly following trypsinization and passages 53-59 were used for the study. For Rac1 activation measurements cells were cultured up to 70-80% confluence in RPMI medium supplemented with 10% heat-inactivated 
Materials and Methods

Materials
Quantitation of ROS
INS 832/13 cells were seeded in a 6-well plate and treated with either diluent or C2-Ceramide or Ws-CER [20 µM], for 12 hr, as indicated in the text. Following to the treatment cells were incubated further in 2′,7′-dichlorofluorescein diacetate (DCHF-DA; 10 µM) at 37°C for 30 min. DCHF-DA being a nonpolar compound diffuses rapidly into the cells and hydrolyzes readily by cellular esterases to polar DCFH. In the presence of reactive oxygen species, DCFH is readily oxidized to fluorescent DCF [8] [9] . The cells were then washed twice with ice-cold PBS, harvested, sonicated and equal amounts of proteins (50 µg) were taken to measure fluorescence (Em: 485 nm and Ex: 535 nm) using a luminescence spectrophotometer (Perkin Elmer, Waltham, MA). Protein measurement was carried out by Bradford`s assay.
Rac1 activation assay
The relative degree of Rac1 activation (GTP-bound form) was determined using Rac1 pull-down assay, as we described in [9, 10] . In brief, INS 832/13 cells were serum starved overnight and followed by treatments with either diluent or Ws-CER [20 
Western blot analysis
Treated INS 832/13 cells were harvested and homogenized in mannitol-protease inhibitor cocktail buffer [250 mM mannitol, 70 mM sucrose, 5 mM HEPES, 1 mM EGTA, 1 mM DTT, and protease inhibitor cocktail]. Protein samples (~20-30 µg) were resolved by SDS-PAGE and transferred onto nitrocellulose membrane. The blots, after blocking with 5% BSA in 20 mM Tris-HCl, pH 7.5, 137 mM NaCl, and 0.1% Tween 20, were immunoprobed with corresponding primary antibody followed by secondary polyclonal rabbit/ mouse antibody conjugated to horseradish peroxidase (1:1,000). The protein signal band was detected with enhanced chemiluminescence system (ECL, Amersham Biosciences, Little Chalfont, UK) and developed using Kodak Pro Image 400 R (New Haven, CT). The blots were stripped and reprobed for β-actin to ensure equal loading and transfer of proteins.
Determination of mitochondrial membrane potential
INS 832/13 cells were seeded on sterile glass cover slips placed in 6-well plates and grown to confluence and then treated with either diluent or Ws-CER [20 µM] for 12 hr. At the end of treatment, cells were incubated with JC-1 (1: 200) dye for 15 min at 37°C in a 5% CO 2 incubator. Cells were then washed thoroughly with assay buffer, mounted onto glass slides, and observed under IX71 inverted fluorescence microscope (X100, Olympus America, Center Valley, Pennsylvania), as described previously (Reference) to estimate the extent of mitochondrial membrane damage. 
Determination of Metabolic Cell Viability
INS 832/13 cells, seeded at a density of 1x10 6 cells/mL in round-bottomed 96-well plates, were treated with either diluent alone or Ws-CER [0 to 20 µM] as indicated in the text for 12 hr. Cell viability was assessed using a colorimetric assay (at 550-690 nm) using 3-[4,5-dimethylthiazolyl-2]-2,5-diphenyltetrazolium bromide (MTT), which measures the reduction of MTT into the blue formazan product by metabolically active cells.
Statistical analysis
Statistical significance of difference between values were evaluated by Student's t-test or ANOVA where appropriate. p < 0.05 was considered to be statistically significant.
Results and Discussion
At the outset, we assessed the effects of C2-ceramide We next examined effects of Ws-CER on the expression of p47 phox , one of the members of the cytosolic core of Nox2. Data in Figure 3 Figure 4 suggest marked reduction in the mitochondrial membrane potential and the associated loss in functional β-cell mass as evidenced by intense green staining of cells exposed to Ws-CER. Further, loss in mitochondrial membrane potential initiates the caspase cascade and this was evident by increased cleaved caspase-3 in cells treated with Ws-CER (Fig. 5) , suggesting the initiation of apoptotic cascade ultimately leading to cell demise.
In the last set of studies, we determined the metabolic cell viability in INS 832/13 cells following exposure to increasing concentrations of Ws-CER. Data depicted in Figure 6 indicate ~75% loss in cell viability at concentrations [20 µM] of Ws-CER that promoted Nox2 activation, mitochondrial dysfunction and caspase-3 activation.
One of the main objectives of the current study is to assess the effects of a novel water soluble pyridinium CER on metabolic function of the insulin-secreting INS 832/13 cells. Original studies from Ogretmen's laboratory have synthesized and studied the efficacy of In live non-apoptotic cells, the mitochondria will appear red following aggregation of the JC-1 reagent. In apoptotic and dead cells the dye will remain in its monomeric form and will appear green with an emission at 530 nm. Syed 
Ws-CER on human head and neck squamous cell caricinomas in vitro and in vivo. [17] . These investigators observed a significant accumulation of this CER analogue in mitochondrial compartment, and to a lesser extent in the nuclear fraction as early as 1 hr. Furthermore, Ws-CER exerted a significant inhibitory effect on cell growth in these cells [17] . These interesting studies prompted us to investigate potential effects of Ws-CER on β-cell function, and our results indicate a significant loss in β-cell survival in INS 832/13 cells following exposure to this CER analogue.
Our current findings are in accord with recent studies from many laboratories including our own suggesting a significant activation of Nox2 signaling pathway in clonal β-cells, rodent islets and human islets following exposure to gluco-, lipo-, glucolipotoxic conditions [5] [6] [7] [8] [9] [10] . It has also been shown that Rac1 activation step is critical for the assembly and activation of Nox2 holoenzyme. Our current observations further validate that model suggesting that activation of cytosolic components of Nox2 core, including p47 phox expression and Rac1 activation initiates the Nox2-mediated generation of ROS intracellularly. Along these lines, published evidence from multiple laboratories suggests that CER-mediated effects are mediated via activation of Rac1. For example, using C2-CER, a permeable analog of CER, Kim and Kim have reported activation of c-fos serum response element via the Rac1 signaling pathway in Rat-2 fibroblasts [19] Using NIH-3T3 cells, Embade et al. have demonstrated novel relationships between FasL generation and CER production in Rac1-induced apoptosis [20] . Lastly, studies by Deshpande and associates have demonstrated the requirement for intracellularly generated CER in Rac-1-induced mitochondrial oxidative stress and premature senescence in human umbilical vein endothelial cells [21] . The above data clearly implicate CER-Rac1 signaling steps in mitochondrial dysfunction, and indeed our current findings further support such a formulation.
In summary, our findings involving the use of a novel pyridinium WS-CER support our original hypothesis that CER-Rac1 signaling axis mediates activation of Nox2 signaling step, which in turn, leads to mitochondrial dysfunction, which is manifested by a measurable decrease in mitochondrial membrane potential and activation of caspase-3 cascade, leading to loss in metabolic cell viability in insulin-secreting INS 832/13 cells (Fig. 7) . Additional studies are needed to assess potential involvement of candidate guanine nucleotide exchange factors for Rac1 [e.g., Tiam1] in the signaling cascade involving Ws-CER-induced loss in viability in these cells. hr. Lysates collected were separated by SDS-PAGE, transferred onto a nitrocellulose membrane and probed for anti-caspase-3 overnight and incubated with secondary antibody conjugated to HRP for 1 hr at room temperature. Immune-complexes were detected using ECL kit. A representative blot from two independent experiments is shown here. or glucose leads to activation of Rac1 and p47 phox , which are key members of the Nox2 holoenzyme. These signaling steps promote the assembly and activation of Nox2 culminating in the excessive generation of reactive oxygen species. These, in turn, exert detrimental effects on the mitochondria including reduction in mitochondrial membrane potential leading to the onset of mitochondrial dysfunction and caspase-3 cascade activation, ultimately leading to β-cell dysfunction and demise. 
